Purpose: We performed video-oculography to evaluate vergence eye movement abnormalities in students diagnosed clinically with vergence disorders. We tested the efficiency of a novel rehabilitation method and evaluated its benefits with videooculography cross-correlated with clinical tests and symptomatology.
Introduction
Dysfunctions in binocular vision affect quality of vision and quality of life as it is an important socioeconomic issue in modern society. Prolonged use of visual interfaces, such as smartphones and tablets, can increase such dysfunctions; particularly vergence disorders are highly prevalent, occurring in up to 38% of young adults. 1 Among disorders of binocular function, vergence insufficiency is the inability to converge or diverge the eyes smoothly and effectively to the object of interest and/or inability to maintain the vergence angle. 2 The prevalence of convergence insufficiency (CI) alone is approximately 5%. 3 Diagnosis of binocular dysfunctions and vergence insufficiency is based mostly on clinical testing and clinical criteria that can vary with investigators. [4] [5] [6] Recent standardization efforts of several clinical centers leads to a consensus for a primary survey of patients with a questionnaire designed to evaluate symptomatology. 7 The evaluation of symptomatology is used widely in the literature, 5, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] mostly with the questionnaire called Convergence Insufficiency Symptom Survey (CISS), which have been validated from childhood to adulthood. 7, 17 Despite a few limitations of this subjective test, clinical and global studies have suggested a symptomatic prevalence close to 30%. 4, 18 Vergence orthoptic training (also called vision therapy) helps to alleviate symptoms. 2, 19 Orthoptic rehabilitation typically includes convergence exercises. Pencil pushup is the cheapest and the most used exercise. 6, 12, 16, 20, 21 Disparity vergence exercises using prism bar or a synoptophore also are common, as well as the use of stereograms. Interestingly, the decrease of symptomatology in children with vergence insufficiency appears later than the improvements measured with clinical tests, such as the near point of convergence (NPC) or the fusional vergence measured with a prism bar. 22 Scheiman et al. 3 investigated the treatment modalities for CI; the most common treatment modalities used by optometrists and ophthalmologists among pencil push up, home-based vision therapy orthoptics, and office-based therapy. The Convergence Insufficiency Treatment Trial (CITT) Investigator Group conducted a preliminary study assessing the effectiveness of home-based pushup therapy and office-based vision therapy/orthoptics for the treatment. 23 This study established the placebo method used by the same group subsequently 14 to demonstrate superiority of office-based therapy. Yet, there is no standard method from one study to the other or from one clinician to another, as pointed out by Rogers et al. 24 Moreover, the use of prisms, synoptophores, and stereograms all involve a conflict between vergence and accommodation.
Objective eye movement recording could be of interest to characterize vergence disorders as well as to assess the effects of visual therapy. The very few existing studies will be summarized below.
The relation between orthoptic tests and eye movement parameters recorded over training sessions was first reported by Grisham et al. 25 The vergence tracking rate measured with an eye monitor and vergence measured with prisms increase after a conventional orthoptic training. Van Leeuwen et al. 26 also reported changes in vergence dynamics after orthoptic training. After 12 sessions of orthoptic therapy in children with vertigo associated with vergence disorders, Bucci et al. 27 reported an improvement of the accuracy of convergence and divergence as well as a latency reduction.
More recently, Alvarez and Kim 10 also performed vergence recordings before and after vergence rehabilitation. They used a haploscopic device (involving inevitably a conflict between vergence and accommodation) and reported an increase in the peak velocity of disparity-driven vergence after the end of vergence rehabilitation. Disparity-driven vergence was tested again with the haploscopic device. The latest work from this team provide reference data on the neural substrate of such vergence improvements, highlighting the role of the parietal, frontal, and cerebellar areas. 28, 29 In a laboratory study, Jainta et al. 30 measured properties changes of vergence eye movements in children with vertigo while repeating convergence and divergence movements between light-emitting diode (LED) targets displayed in the real space. Indeed, such display of LED target requires synergetic vergence accommodation changes similar to eye movements usually performed in everyday life. After approximately 15 minutes of repetition, improvements were measured in the latency and the accuracy of vergence eye movements.
We developed a visual acoustic device (REMOBI) that allows one to diagnose vergence disorders and rehabilitate vergence. This apparatus uses targets in the real 3-dimensional (3D) space so that there is no conflict between vergence and accommodation (patent US8851669, WO2011073288). With use of the REMOBI device together with video-oculography, we aimed to quantify the properties differences of vergence eye movements in healthy subjects versus ones clinically diagnosed with vergence disorders, test the clinical validity of a research-based method for vergence rehabilitation, the so-called vergence doublestep (Vd-s) protocol implemented on the REMOBI device, 31 and cross-correlate eye movement parameters with orthoptic tests and symptomatology scores.
Material and Methods
The investigation adhered to the tenets of the Declaration of Helsinki and was approved by the local human experimentation committee, the ''Comité de Protection des Personnes'' (CPP) Ile de France VI (No: 07035), Necker Hospital in Paris, France. Informed written consent was obtained from each subject.
Subjects
We recruited 19 students (mean age, 23.1 6 2.0), mostly in a technical secondary school specialized in optics (Fresnel, Paris, France). Subjects were divided into two groups according to orthoptic evaluation using standard criteria. On the basis of such testing, eight subjects were considered as healthy (23.3 6 1.9 years; 4 male), while 11 other subjects were diagnosed as presenting with vergence disorders (22.9 6 2.1 years; 4 male).
Orthoptic Examination
Orthoptic examination was done on separate days before the oculomotor tests with video-oculography (45 6 46 days). Binocular vision was evaluated with the TNO random-dot stereo test and/or with the Titmus Fly test. [32] [33] [34] Healthy subjects had scores ,60 seconds of arc. Orthoptic vergence response and heterophoria were tested with the use of prisms. Also, heterophoria was tested with the Maddox test. The near point of convergence was measured, as well as the heterophoria at near viewing and at far distance.
Normative values from the study of von Noorden et al. 19 were used for the orthoptic tests as reported by Yang et al. 35 (NPC , 10 cm, stereo acuity 60 00 , far exophoria 0-2 prism diopters [pD], near exophoria inferior to 6 pD, far divergence 5-9 pD, near divergence 15-23 pD, far convergence 15-23 pD, and near convergence 18-24 pD). Symptomatology was evaluated using the CISS 17, 36 and CISS scores 20/60 were considered normal as reported by several investigators. 4, 6 Clinical results are summarized in Table 1 .
Subjects were divided into healthy versus vergence disorders groups by taking into consideration the following criteria: high CISS score (.20) and the presence of at least two abnormal values in orthoptic tests. Nevertheless, our population showed in general low values of divergence for either subgroup and raised the question whether the criteria reported by Von Noorden for divergence 19 still are valid for young students nowadays. Moreover, two of the subjects were difficult to classify on clinical criteria alone as their final classification was based on recorded eye movement properties: subject ASF had a high CISS score but overall normal values in the orthoptic tests. Moreover, objective video-oculography of vergence confirmed normal or better to normal spatiotemporal properties. Therefore, we considered this subject as healthy despite a high CISS score (see Fig. 6A , described later). In contrast, subject JF had a very low CISS score and no major abnormality in the orthoptic tests; yet, the vergence test with videooculography revealed inaccuracy particularly for convergence. Therefore, she was classified in the vergence disorder group and underwent the vergence rehabilitation protocol (see Fig. 6D , described later).
Oculomotor Tests
Oculomotor tests were performed in mesopic light conditions; subjects sat in front of the trapezoid REMOBI device, which was placed at eye level.
Stimuli of this visual display were red LEDs displayed at different distances always in the horizontal and the midsagittal planes (08); LED characteristics were nominal frequency 626 nm, intensity 180 mCd, and diameter 3 mm. Adjacent to each LED was embedded a buzzer with the following characteristics: nominal frequency approximately 2048 Hz, sound pressure level !70 dB, diameter 12 mm. The oculomotor tasks will be described below.
Eye Movement Recording
Eye movements were recorded binocularly with a video-oculography EyeSeeCam system (University of Munich Hospital, Clinical Neuroscience, Munich, Germany, available in the public domain at http:// eyeseecam.com/). The sampling rate of the EyeSeeCam system was 222 Hz. The optimal spatial resolution was approximately 0.018.
Calibration
The standard EyeSeeCam five points calibration was applied using a matrix of laser dots that was presented at a viewing distance of 1.5 m with peripheral dots displayed at 8.58 rightward, downward, leftward, upward; subjects fixated each dot at their own pace, and the total calibration task lasted 10 seconds.
A further calibration task was performed before the vergence test; this task consisted of eight leftward and eight rightward randomly interleaved saccades to LEDs located at 108 and 208 from the midsagittal plane of REMOBI, at a distance of 1.5 m from the subjects' eyes.
Vergence Test
Each trial started by lighting the LED at 40 cm along the median plane (F, see Figs. 1A, 2A). After a variable fixation period of 1200 to 1800 ms, the target LED (T or T') was lit for 2000 ms. The fixation LED was switched off 200 ms after the onset of the target LED (overlap paradigm). The lighting of each LED (fixation or target) was accompanied by the corresponding sound buzzer for 100 ms. Such visualacoustic stimulation aimed to reinforce deployment of attention resources to the LED. The vergence test contained 40 trials, half of them to the far target (T) and the other to the near target (T'). The far one called for a change in vergence angle from 98 to 28, that is a divergence movement of 78. The near target LED (T') called for a change of vergence from 98 to 178, that is, a convergence of 88. Convergence and 
divergence trials were interleaved pseudo-randomly.
Between trials, a blanked period of 300 to 700 ms was applied. All eye movement data to be reported here came from this task.
V-ds Protocol
A 35-minute rehabilitation session was applied weekly, except for subject AbM, who performed all sessions within 1 week. The rehabilitation sessions Figure 1 . Spatial arrangement of targets in the vergence test ([A] subjects are looking successively at different LEDs; from F, the initial fixation LED, to T, the target LED for divergence; or T', the target LED for convergence). Double-step targets used for divergence and convergence rehabilitation ([B, C] from F to T1 or T2, the first target location; then to T'1 or T'2, the final target location). The two types of trials were randomly interleaved. The trial starts with lighting on the fixation LED for a random period between 1000 and 1600 ms; the fixation LED is accompanied with a buzzer sound for the first 100 ms. Following the fixation period, the target LED lights are on at its first position together with a paired buzzer for 100 ms. After 200 ms the fixation LED switches off and at the same time the LED target steps to it final position (T2 or T'2) where it stays on for 1300 ms; a sound accompanies this second step also for the first 100 ms. A blank period of 300 to 400 ms separates trials. contained 11 blocks sequenced as follows: 2 blocks of divergence, 3 blocks of convergence, 2 blocks of divergence, 3 blocks of convergence, and a final block of divergence. Each block contained 40 trials and lasted 2 to 3 minutes (divergence and convergence trials are illustrated, respectively, in Figs. 1B, 1C). A 1-minute pause was applied between blocks during which the subject was questioned on whether LEDs were seen single, double, or blurred at each location; subjects were allowed to stand up and relax while resting.
Typical convergence and divergence rehabilitation trials with the double-step paradigm are shown in Figure 2B . Briefly, the target for convergence or divergence appeared first to a location (T1 or T'1); after 200 ms, presumably before the accomplishment of the vergence eye movement, the target stepped to a second location (T2 or T'2). Given that the vergence latency is between 160 and 250 ms, 37, 43 and vergence execution lasts between 350 and 550 ms, 34 it is almost certain that the second step of the target occurred before the initial vergence eye movement has been made. This double-step protocol for clinical purposes is part of the patent.
After Oculomotor Rehabilitation
To evaluate the effects of the rehabilitation, the vergence test described above was repeated at least 5 days after the end of the five sessions of the Vd-s protocol (8 6 4 days). A final vergence test was repeated at least 1 month after the end of the rehabilitation (37 6 8 days) together with orthoptic examination that was performed by the same orthoptist as before rehabilitation; the orthoptist did not have access to the video-oculography data.
Symptomatology was evaluated with CISS score 1 month after the end of rehabilitation, and several months later (7.7 6 2.2 months). 
Data Analysis
Calibration factors for each eye were extracted from the saccades recorded in the calibration task. From the individual calibrated eye position signals we derived the vergence signal by calculating the difference between the two eyes (i.e., left eye -right eye). The velocity of the vergence signal was computed using a symmetrical two-point differentiator combined to low-pass filtering with a Gaussian finite impulse response (FIR) filter (cutoff frequency 33 Hz). The beginning and end of vergence movements were defined as the time point when the eye velocity exceeded or dropped below 58/s. These criteria are standard. [37] [38] [39] [40] [41] The placement of the markers was verified carefully by an investigator scrutinizing the vergence signal on a computer (Fig. 3) .
Some eye movements were rejected from the analysis due to blinks or to partial loss of signal during the recording, or to anticipation (i.e., below 80 ms) or to latencies longer than 800 ms. These criteria of exclusion are standard. 38, 39, 42 Note that subject JA performed quasi-systematically a blink during the movements recorded after the Vd-s rehabilitation protocol (!90% of divergence movements were concerned) and this behavior is known to diminish the dynamic performance of eye movements. 43 For the remaining subjects (N ¼ 18), 80 to 90% of the trials were used for the analysis; such rejection level (10 to Figure 6 . Trajectories of vergence movements from three healthy subjects ASF (A), AZ (B) and EO (C), and three subjects with vergence disorders JF (D-F), TC (G-I), and MP (J-L). Convergence and divergence traces are superimposed at the top of each figure (in gray); their respective velocity traces are shown at bottom (in black). Vergence traces have small variability, that is, they are reproducible for healthy subjects (A-C). In contrast, variability is high for subjects JF (D) and TC (G), and subject MP shows quasi-paucity of divergence (J). After rehabilitation with the Vd-s protocol: variability decreased for all subjects. For each subject the benefits are stable over 1 week (E, H, K) and 1 month (F, I, L) after the end of rehabilitation.
20%) is similar to that reported in a previous study of vergence in healthy young adults. 38, 39 Statistical Analysis
Due to the rather limited number of subjects and also to nonnormal distribution of some of the parameters, we applied nonparametric tests using the software ''Statistica.'' All statistics were done on individual means and on the coefficients of variation (CV), which was evaluated as the ratio of the standard deviation over the mean. This parameter describes the intertrial variability. 44 Comparison of means or CV between the healthy and vergence disorders groups was done with the Mann-Whitney test. 45 This comparison was done for the data obtained before the rehabilitation; the 
Significant P values for statistical comparison between healthy and subjects with vergence disorders (Mann-Whitney U test).
b Significant P values for follow-up of the vergence disorders, comparing to baseline the data measured with videooculography 1 week or 1 month after the end of the rehabilitation (Wilcoxon test).
comparison was repeated 1 week and 1 month after completion of the Vd-s rehabilitation protocol. Follow-up of the vergence disorders group was done with the Wilcoxon test, comparing each parameter of eye movements for the three sessions taken two by two (before, 1 week, and 1 month after the end of the Vd-s protocol). We called rehabilitation effect the difference between before, and 1 week or 1 month after rehabilitation. Finally, all eye movement parameters shown (see Table 7 , to be described later) were cross correlated with the values of orthoptic tests and CISS scores of symptomatology, using multiple linear regression analysis. 46 
Results

Effects of Vd-s Rehabilitation on Symptomatology
As mentioned in the Methods, the classification of subjects into two groups was overall in line with previously established norms 4, 6, 19, 35 even though two subjects were difficult to classify and our decision also was based on objective measurement of vergence eye movements.
Of major importance is to what extent our rehabilitation with the Vd-s protocol could alleviate symptoms. The results are shown in Table 1 . Overall the healthy subjects showed a very low score of symptomatology (14.1 6 6.4) relative to the group that was rehabilitated with the Vd-s (27.6 6 6.8). The two exceptional cases (ASF and JF) already were mentioned in the Methods. At 1 and 8 months after rehabilitation with the Vd-s protocol, the symptomatology score dropped to 16.8 (67.0) and 16.3 (67.0), which is close to normal value. Table 1 shows the statistical comparison between the healthy group and the group with vergence disorders together with the probability values (Mann-Whitney U test). Before Vd-s rehabilitation, the score for subjects with vergence disorders was significantly higher than that of the healthy group (P ¼ 0.0008), whereas after rehabilitation with the Vd-s the difference was no longer significant (P ¼ 0.37).
Follow-up comparison for the vergence disorders group before and after rehabilitation also was done with the Wilcoxon test and the probability values are shown in Table 1 . The CISS score following the Vd-s protocol was significantly lower than before rehabilitation, and 1 and 8 months after the end of Vd-s protocol (respectively, P ¼ 0.012 and P ¼ 0.021). Figure 4 shows the changes in CISS for individual subjects, for comparison the group mean score of the healthy subjects is indicated by the horizontal line; all subjects showed decrease of their CISS score.
Orthoptic Characteristics and Effects of the Vd-s Rehabilitation Protocol
Results of all orthoptic tests are shown in Table 1 . groups showed several significant differences: the Mann-Whitney U test showed significant differences for the Maddox values (at near and far, P ¼ 0.026 and P ¼ 0.012, respectively), but also for convergence at near (P ¼ 0.026) and at far (P ¼ 0.012). If one excludes the two cases ASF and JF for these comparisons, the overall group results still are the same.
Compared values of orthoptic tests between the two
Follow-up comparison for the vergence disorders group before and after rehabilitation with the Vd-s protocol, showed statistically significant increases for convergence at far (P ¼ 0.043). Individual data of NPC and convergence at near and far are shown in Figure 5 .
In summary, the CISS is most sensitive for differentiating healthy subjects from those with vergence disorders and also for follow-up of the patients' evolution after the Vd-s rehabilitation protocol. In terms of orthoptic tests, convergence particularly at far is the second important parameter which differentiates the healthy from the vergence disorder group and also reflects the evolution after the Vd-s protocol. In contrast, divergence is systematically of low value for both groups. As it will be shown below, objective vergence eye movement with videooculography corroborates the weakness of divergence for both groups with or without vergence disorders.
Eye Movement Data -Qualitative Results Figure 6 shows vergence eye movement traces for convergence and divergence; traces are superimposed and offset at the time point zero corresponding to onset of the target LED, from which the latency is measured. Figures 6B and 6C show traces from two healthy subjects (AZ and EO), whose CISS score was 5 and 11.5, respectively. Figures 6G and 6J show traces from two subjects (TC and MP) with vergence disorders (respectively diagnosed for severe CI and high heterophoria); results from the same subjects are shown 1 week (Figs. 6H, 6K ) and 1 month (Figs. 6I, 6L) after completion of the five sessions of Vd-s rehabilitation. An immediate observation is that the subjects with vergence disorders show abnormal vergence traces, namely high variability from one trial to the next and general hypermetria, particularly for subject MP. Also, the initiation is delayed relative to the healthy subjects. Following the five sessions of Vd-s protocol, all these aspects improved considerably and, in fact, became normal or better. Note the lasting nature of the effect seen 1 month later. Figure 6A shows the data from subject ASF, who was considered normal, and those from subject JF, who was considered as patient is presented in Figure  6D . Indeed, normal accuracy and reproducible vergence traces are observed for subject ASF. In contrast, subject JF showed abnormal variability and lasting improvement after the Vd-s rehabilitation protocol.
In summary, qualitative analysis shows two major results: (1) clear differences in eye movement trajectories between the healthy subjects and those clinically diagnosed as having vergence disorders, and (2) vergence traces also reveal the benefits and the lasting improvement after the Vd-s rehabilitation protocol. Finally, in cases of incompatibility between symptomatology scores and orthoptic tests, objective vergence measures provide the solution.
Eye Movement Data -Quantitative Results
Latency Table 2 shows the results on latency for healthy subjects and subjects with vergence disorders; for the latter, data are shown for recordings made before, 1 week, and 1 month after the 5 sessions of Vd-s protocol. Data are shown separately for convergence and divergence. Each Table shows the individual means and the corresponding coefficient of variation (i.e., intertrial variability). Group means also are shown as well as the P value of statistical comparison with the Mann-Whitney U test for between group comparisons and the Wilcoxon test for within group follow-up comparisons.
The first important result concerns latency that tends to be longer in subjects with vergence disorders, but the difference does not reach statistical significance, neither for convergence nor for divergence; intertrial variability is not significantly different either.
Nevertheless, follow-up of the vergence disorders group with the Wilcoxon test shows several statistically significant effects due to Vd-s rehabilitation protocol. Indeed, the latency for convergence or divergence decreased significantly relative to prerehabilitation values as well as their variability (all comparisons were significant at P 0.038); the effects were present 1 week and 1 month after the end of rehabilitation. The mean latency value of postrehabilitation was 147 ms (69) then 153 ms (612) for convergence, and 171 ms (619) then 179 ms (634) for divergence and the intertrial variability was inferior to 20%. Such performance indicates optimization in vergence initiation following the Vd-s protocol.
Indeed, relative to the values of the healthy subjects (comparison with the Mann-Whitney U test) the latency of convergence or divergence after the rehabilitation became significantly less variable (all comparisons were significant at P 0.05).
In summary, even though latency of convergence and divergence does not differ significantly for subjects with vergence disorders, rehabilitation with the Vd-s optimizes the initiation process reducing the latency of convergence and divergence to values even shorter than those from healthy subjects, and reduces intertrial variability.
Accuracy of Vergence
The results on accuracy are expressed in terms of gain values (e.g., amplitude of vergence divided by target excursion) and are shown in Table 3 . Individual and group means are shown together with the intertrial variability (CV). Healthy subjects present accurate convergence (0.97 6 0.17) but hypometria for divergence (0.76 6 0.06). The intertrial variability is small (approximately 20% 6 9%); note that normal variability in the oculomotor field no matter what parameter is studied is approximately 20%, as reported by Yang et al. 44 Relative to the healthy group, subjects with vergence disorders show lower mean gains (0.70 6 0.33 and 0.56 6 0.33, respectively, for convergence and divergence); divergence is significantly more hypometric for the vergence disorders group (MannWhitney U test, P ¼ 0.026). The intertrial variability in subjects with vergence disorders is significantly higher than that of the healthy subjects. Variability reflects the difficulty in producing repetitively vergence eye movements. The intersubjects comparison shows significant higher variability of convergence for the vergence disorders groups (P ¼ 0.0091) and a tendency for higher divergence variability (P ¼ 0.091).
Follow-up of the vergence disorders group shows important effects of Vd-s. After the Vd-s rehabilitation protocol, mean values of convergence gain increased from 0.70 to value close to 1 (0.98 6 0.17 and 0.93 6 0.17); the changes were statistically significant 1 week and 1 month after the end of rehabilitation (Wilcoxon test, P , 0.05). Also, the variability for the vergence disorders group decreased significantly (P 0.012).
Relative to the healthy group, the variability became significantly smaller 1 week and 1 month after rehabilitation (Mann-Whitney U test, P ¼ 0.028 and P ¼ 0.0030, respectively). Thus, the results show lasting optimization of convergence.
For divergence, after the Vd-s rehabilitation protocol, the vergence disorders group show significant increase of the gain value (from 0.56 to 0.84 6 0.19 and 0.72 6 0.12, 1 week and 1 month after rehabilitation, respectively); however, the changes were not statistically significant (Wilcoxon test, P . 0.10) and the difference from healthy was not statistically significant either. In contrast, there was statistically significant reduction of the coefficient of intertrial variability, that dropped to 7 (6 2) and 10 (6 5). The difference from the before rehabilitation values is statistically significant (P 0.018 1 week and 1 month after rehabilitation).
Relative to the healthy group, the difference also is significant in the sense that after rehabilitation the variability decreased to supranormal levels (MannWhitney U test, P 0.005, for the comparison of healthy versus vergence disorders group 1 week and 1 month after rehabilitation).
In summary, the results show marked divergence hypometria for the healthy group but physiologic intertrial variability at approximately 20% for divergence and convergence. In contrast, the vergence disorders group shows increased hypometria particularly for divergence and abnormally large intertrial variability. The Vd-s rehabilitation protocol increased significantly the convergence gain and decreased significantly the intertrial variability, reducing it to supranormal values for convergence and divergence.
Vergence Dynamics: Peak Velocity, Duration, and Mean Velocity
Peak velocity data (individual and group means) are shown in Table 4 . Comparison of the healthy and the vergence disorders groups shows a tendency for lower peak velocity for convergence for the latter group (Mann-Whitney U test, P ¼ 0.062), and significantly higher intertrial variability (P ¼ 0.0050).
Follow-up of the vergence disorders group show that the Vd-s rehabilitation protocol did not significantly change the mean peak velocity neither for convergence nor for divergence. Yet, the intertrial variability decreased after Vd-s rehabilitation protocol and the change reached statistical significance for divergence when comparing variability before and 1 month following the end of Vd-s rehabilitation (Wilcoxon test, P ¼ 0.025).
Also relative to the healthy group, the variability of divergence peak velocity became significantly lower for the vergence disorders group (Mann-Whitney U test, P ¼ 0.0019). Thus, the results show, again, optimization after Vd-s rehabilitation even for parameters, such as peak velocity.
Concerning the duration, the group and individual means are shown in Table 5 for both groups of subjects. The differences in mean duration were not significant, neither between the healthy and vergence disorders groups nor for the variability.
Follow-up of the vergence disorders group by comparing measurements before and after completion of Vd-s rehabilitation protocol did not show significant group mean differences for convergence and the same observation applies for divergence. Again, significant effects occurred for the intertrial variability: for convergence, the intertrial variability of the vergence disorders group after the Vd-s rehabilitation variability decreased significantly (Wilcoxon test, P ¼ 0.012). The intertrial variability of divergence also Figure 7 . Convergence latency is correlated positively with symptomatology measured by CISS score (A), and convergence gain is negatively correlated with symptomatology (B), while it is positively correlated with the variability of convergence gain (C). Data from healthy subjects are illustrated in blue circles, and for subjects diagnosed for vergence disorders, with full red squares (before rehabilitation) or empty green squares (after Vd-s rehabilitation); linear correlation model was run by considering only the data from the healthy and vergence disorder groups before rehabilitation. Values of subjects after rehabilitation are shown for illustrating the clear move towards normal levels.
was reduced significantly 1 week or 1 month after the Vd-s protocol (P , 0.02 for both comparisons).
Intertrial variability of divergence after the Vd-s protocol also was significantly lower than that of the healthy group for convergence and divergence (Mann-Whitney U test, P 0.02 1 week and 1 month after the completion of rehabilitation).
Given that some changes occurred in the amplitude of vergence eye movements (gain) and considering that peak velocity and duration depend on the amplitude, we also examined the mean velocity, which is the ratio of amplitude and duration (amplitude/ duration). The results are shown in Table 6 . Statistical results are similar to those for peak velocity and duration.
Before rehabilitation, no significant difference was observed between healthy subjects and those with vergence disorders, nor were there significant followup changes for the means of the latter group after rehabilitation.
Yet, follow-up showed a significant reduction of the intertrial variability 1 week and 1 month after the end of the Vd-s protocol (Wilcoxon test, P , 0.02 for convergence and divergence).
In summary, the results showed that the intertrial variability of all vergence parameters (latency, accuracy, peak velocity, mean velocity, and duration) is the parameter that differentiates most the healthy from the vergence disorders groups, and reflects best that rehabilitation benefits are stable over 1 month. Reduction of mean latency is the second major effect of such rehabilitation.
Correlation between Eye Movement Parameters, Orthoptic Tests, and Symptomatology
Multiple linear correlations were run between all parameters of eye movements and all values of orthoptic tests for the total group of subjects, healthy and vergence disorders groups before the Vd-s rehabilitation protocol. The results are shown in Table 7 , which contains only the statistically significant correlations. Correlations were run separately for parameters of convergence and divergence eye movements.
The main observation is that the NPC orthoptic measure correlates positively with many parameters of convergence eye movements measured with videooculography ( Table 7 , the more remote the NPC, the longer the latency of convergence, and the higher the intertrial variability of the gain and duration for convergence. Another orthoptic measure correlated with the convergence properties is the convergence values at near measured with the bar of prisms: the lower the orthoptic value of convergence, the higher the intertrial variability for the gain, for the duration, and for the mean velocity of the convergence measured with video-oculography. The CISS score correlates with many parameters of the convergence measured with video-oculography; for instance, the higher the CISS score, the longer the latency of the convergence (Fig. 7A ) and the lower its mean gain (Fig. 7B) , also the higher the intertrial variability of the gain for convergence (Fig. 7C) .
For divergence, few meaningful correlations are indicated in Table 7 : the higher the intertrial variability of the duration, the more remote the NPC (R 2 ¼ 0.38) and the higher the symptomatology (R 2 ¼ 0.31).
Discussion
Firstly, the study shows important differences in eye movement properties, namely in intertrial variability between healthy subjects and those clinically diagnosed for vergence disorders. Secondly, the results show important and lasting benefits of the Vd-s rehabilitation protocol in terms of latency, accuracy, and intertrial variability of all parameters of vergence; these results provided evidence for the clinical validity of the Vd-s method. Finally, eye movement parameters are correlated with some of the orthoptic tests. Most importantly, above all, eye movement properties correlate with symptomatology as measured with CISS, which decreased after Vd-s rehabilitation protocol. These results will be discussed below.
Classification of Subjects, Interest of Eye Movement Analysis
The orthoptic measures indicate small values of divergence measured with the bar prism test. This observation was corroborated with the objective eye movement recording: in healthy subjects, the gain of the divergence always was lower than that of convergence. Clinicians know that the divergence capacity is smaller. Yet, the clinical normative values reported by Von Noorden 19 seem to be inappropriate for the young population nowadays.
Another important aspect is that diagnosis of vergence disorders on the basis of clinical tests might be difficult as incongruence between symptomatology and orthoptic tests may exist. Objective vergence movement recording and analysis used in our study provide a handy solution. Our observations are in line with the study of Brautaset and Jennings, 16 who also reported no effects of orthoptic treatment on orthoptic measures of vergence-accommodation, but improvement measured with a refractometer.
Finally, an important aspect is that eye movement parameters are highly correlated with the symptomatology (CISS score), particularly with the latency, variability of the gain, and speed of convergence. These observations consolidate the interest of the CISS to evaluate the symptomatology and the relevance of eye movement recording. Such correlations are meaningful. Indeed, symptoms, such as fatigue, eyestrain, and occasionally double or blurred vision, all can be related to vergence insufficiency: long latency, variable gain, and speed all signify inappropriate vergence from one instant to the next, thus, leading to symptoms. Next, we will discuss the eye movement data.
Differences between Healthy and Vergence Disorders Groups
Previous studies of our team and others have reported abnormality of vergence eye movements recorded with video-oculography. For instance, Bucci et al. 27, 47 have shown longer latency, lower accuracy, and speed particularly for convergence in children suffering from vertigo associated with vergence disorders. In adults with vergence insufficiency, Alvarez et al. 10 ,29 also reported abnormally low speed of vergence. In the present study, we focused on the intertrial variability of vergence parameters. To our knowledge, this aspect was rather neglected in prior studies. Our findings showed that the most important abnormality of vergence eye movements in students with vergence disorders is the abnormally high intertrial variability, indicating a difficulty in reproducing stereotyped vergence movements over time. It also is important that abnormal variability is seen for parameters, such as gain and velocity, but not for latency. Latency of eye movements is believed to reflect multiple cortical process, such as attention shift to target, target localization, release of oculomotor fixation, and decision to move the eyes; these processes can take place most likely in parallel. 48, 49 Our results show that latencies are not significantly longer nor more variable in students with vergence disorders. Our observation contrast with those of children reported by Bucci et al. 47 Note, however, that in children cortical maturation is still ongoing and this could explain the latency deficit. For the adults studied here, we can conclude that vergence disorders did not alter significantly the capacity to initiate such movements with rather normal delays. Yet, as it will be discussed later, there is even capacity for shortening considerably the latency after Vd-s rehabilitation. The measured vergence accuracy (gain) show marked hypometria of divergence even for the healthy group, and this calls for a reconsideration of what is the normal value of divergence. Perhaps prolonged work at near distance (with small screens) leads to a reduction of divergence capacity. There is an evidence for fewer divergence than convergence cells in the mesencephalic reticular formation than convergence cells. [50] [51] [52] Our study also suggested that divergence is further weakened in the vergence disorder group; moreover the intertrial variability is higher for convergence and divergence.
Effect of Vd-s Rehabilitation Protocol
The major effects are: reduction of intertrial variability for all oculomotor parameters (amplitude, duration, accuracy, and mean velocity) for convergence and divergence. Variability of peak velocity for divergence also decreased significantly, and the latency of convergence and divergence was reduced considerably.
Reduction of Variability
Variability of eye movement parameters is approximately 20% in healthy adults. 53 Variability increases in the elderly, as well as in patients with neurodegenerative disorders. 44, 54, 55 The present study suggested that variability is a biomarker of the vergence disorder and the Vd-s rehabilitation protocol acts primarily on this parameter. Variability of the gain dropped to supranormal values; similarly variability of duration and of velocity was drastically reduced. Thus, the Vd-s rehabilitation protocol enabled patients to reproduce appropriate vergence trajectories over time. Given that the effects concern amplitude, duration, and speed parameters, one can argue that the Vd-s rehabilitation protocol acted on cortical and subcortical structures controlling these parameters. Indeed, speed and duration of vergence are known to depend on properties of the vergence generator located in the brainstem, that is, in the mesencephalic reticular formation. 51 Recently, Horwood et al. 56 reported benefits of 2 weeks of laboratory exercises using either naturalistic targets (e.g., haploscopic images) either targets with partial visual cues (e.g., haploscopic image deprived of blur, disparity or proximal cue). They showed that a simple instruction for effort can induce a placebo effect on vergence performances. They mentioned that high variability and voluntary overconvergence can be involved in vergence insufficiency. Our study introduced an objective way for diagnosing and rehabilitating vergence disorders. Using natural targets displayed in the real 3D space, vergence was initiated without specific voluntary effort due to neuroplasticity. Vergence properties, measured and analyzed, revealed benefits over time.
Optimization of Latency
The overlap paradigm (i.e., the target and initial fixation target are overlapping in time) has been used extensively for saccades or vergence and it is well established that the initiation of eye movements with such paradigm is relatively slow with latency beyond 200 ms. 37 The novel observation is that latency of subjects with vergence disorders trained with the Vd-s rehabilitation protocol dropped from 251 to 147 and 153 ms for convergence, and from 229 to 171 and 179 ms for divergence. The results can be interpreted in the context of the hypothetical process involved during eye movement preparation: fixation release, localization of the target, attention shift, computation of eye movement parameters, and decision to move. 49, 57 The optimization of the latencies could be attributed to shortening of the time needed to accomplish one of several of these sub processes. In prior studies concerning children with vergence disorders, 30 ,47 a reduction of convergence latency following orthoptic training has been reported; the reduction was 40% of the initial latency for convergence, 47 which is similar to the present results. In contrast, for divergence the reduction was only 4% of the initial latency. Although the two studies are in line, the important decrease of latency we observed for divergence (25% of the initial latency) could be due to the efficiency of the Vd-s rehabilitation method in which temporal and spatial parameters of target location are controlled precisely to stimulate optimally cortical and subcortical neuroplasticity.
In real life, it is important to be able to trigger the movements promptly as our eyes are constantly moving from one space location to the other, almost every second. The persistence of the benefit (at least 1 week after) and the correlation between latency and symptomatology demonstrated that the Vd-s rehabilitation protocol, by improving the timing of eye movements perhaps more than the orthoptic methods, is a handy tool contributing to visual motor efficiency. Also, the Vd-s protocol uses an automatized and reproducible method; the REMOBI is the first device to provide a reliable solution.
Thus, our study provides solid evidence that eye movement preparation can be improved via neuroplasticity. Studies with brain imaging could be of interest in assessing the neural substrate of such neuroplasticity. Functional magnetic resonance imaging studies were applied, for example by Arnolduseen et al., 58 who investigated depth perception and the substrate of vergence eye movements; they reported an activation of area V1 associated with vergence eye movements. Alvarez et al. 28, 29 and Jazwal et al. 59 focused on the natural coupling of accommodation and vergence, by comparing CI to healthy subjects. They demonstrated a relation between improvements of vergence eye movements due to orthoptic training and activity of the frontal eye field, posterior parietal cortex and cerebellar vermis.
Finally, it is worth considering cognitive and motivation aspects in vergence rehabilitation. Considering, for instance, activation of the frontal eye field, this area alone is involved with attentional orienting, visual awareness, conscious access, perceptual performance, and decision making; but the relation between eye movements and cognition was barely explored explicitly. 60 One could argue that motivation reinforced by rehabilitation could lead to fast initiation of vergence. Using a remarkably large cohort, Scheiman et al. 22 compared home-based therapy, office-based therapy, and an office-based placebo protocol (i.e., exercises not related to vergence); office based-therapy was shown to be superior than home-based and placebo therapy. However, the placebo protocol induced a substantial effect relative to the baseline. Indeed, placebo and motivation can influence the results. However, such cognitive aspects can be active for any type of rehabilitation, including the REMOBI. It is possible that the REMOBI device enhances some cognitive aspects, particularly with the use of visuo-acoustic stimulation that renders target localization and movement process rather automatic and effortless. Nevertheless, the effects we reported are indicative of oculomotor neuroplasticity, namely those on the variability of speed and accuracy of eye movements. Studies with brain imaging could be of interest to delineate further the neural substrate of such plasticity.
Conclusion
We report the critical abnormalities of vergence eye movements in subjects with vergence disorders and establish the correlation between symptomatology and eye movement parameters. Importantly, our study demonstrated the efficiency of the Vd-s rehabilitation protocol for solving these problems. The major problem was high variability of vergence spatio-temporal parameters, which is drastically improved by the Vd-s rehabilitation together with an optimization of the latency of convergence and divergence.
